Abstract: THz generation scalable to high energies in ZnTe and GaP by tilted pulse front pumping at 1.45 and 1.7 μm wavelength was demonstrated. Up to 0.7% efficiency and 14 μJ energy were achieved.
Introduction
The application of intense THz pulses for strong-field control of matter [1] , the acceleration and manipulation of electrons [2] and protons [3] open up new perspectives in science and technology. It is especially the low-frequency part of the THz spectrum (0.1 to 2 THz), which is particularly suitable for applications involving charged particle beams. Up to now, optical rectification in lithium niobate is the most efficient source in this spectral range [4] [5] [6] , though limitation of this technology were recently explored [7] [8] [9] . Conventionally, semiconductors were considered as less efficient for THz generation [10] . The highest THz energy reported from a semiconductor source was only 1.5 μJ [11] , achieved with 3×10 -5 efficiency. The reason for the low efficiency was strong two-photon absorption (2PA) at the pump wavelength, and the associated free-carrier absorption at THz frequencies. More recently, semiconductors were reconsidered for high-energy THz pulse generation [7] . At longer pump wavelengths, typically requiring tilted pulse front pumping (TPFP), it is possible to suppress low-order multiphoton absorption. As a result, a higher pump intensity can be used and a higher THz generation efficiency can be expected. Recently, THz pulses with 0.6 μJ energy were generated at 5×10 -4 efficiency by pumping GaAs above the 2PA edge [12] . Here we present a comparative study of THz pulse generation in ZnTe, a direct band-gap semiconductor, pumped below and above the three-photon absorption (3PA) edge at 1.45 μm and 1.7 μm wavelengths, respectively. TPFP needs to be used at these wavelengths. The comparison is extended to GaP, having indirect bandgap, pumped at 1.7 μm, i.e. above the 3PA edge. Furthermore, a substantial increase both in energy and efficiency is demonstrated in ZnTe pumped at 1.7 μm. Scaling such a source to still higher THz energies is also discussed.
Results and discussion
THz generation experiments were carried out with ZnTe and GaP prisms at room temperature, using conventional pulse front tilting setups, consisting of a grating and a lens [13] . The THz pulse energy was measured by a pyroelectric detector (Gentec QS9-THZ-BL). The THz waveform was measured by electro-optic sampling. To cross-check the spectrum, the field autocorrelation was also recorded by using an interferometer.
In the first of two measurement series, pump pulses with up to 0.36 mJ energy, about 100 fs duration, and 1 kHz repetition rate were used. These pulses were delivered by a tunable optical parametric amplifier (OPA, Light Conversion HE-TOPAS pumped by a Ti:sapphire laser). The selected wavelengths were 1.45 μm, corresponding to an expected minimum of the 3PA coefficient of ZnTe below the absorption edge [14] , and 1.7 μm, being above the 3PA edge both for ZnTe and GaP. The measured THz energy and THz generation efficiency are shown in Figs. 1a and 1b, respectively, as functions of pump energy and intensity. At 1.45 μm, where 3PA is still effective, a nearly constant efficiency of ~0.4×10 -3 was observed in ZnTe. At 1.7 μm, where only 4PA and higher-order absorption were effective, the efficiency was increasing up to a maximum of ~1.4×10 -3 at 14 GW/cm 2 intensity. In the second measurement series, the pump source was a four-stage OPA system pumped by an Yb:CaF2 laser, enabling to use significantly higher pump energy at 1.7 μm wavelength. Pump pulses up to 2.7 mJ energy, 144 fs duration, and 50 Hz repetition rate were used. The larger pump energy enabled a larger pump spot and resulted in significantly increased THz energy and efficiency (Fig. 1c) . Up to 0.7% efficiency and 14 μJ energy were observed.
The efficiency maximum was observed at a similar, ~14 GW/cm 2 , intensity as in the first measurement series (Fig. 1b) . The decreasing efficiency above this pump level can be caused by 4PA. The maximum of the measured spectral intensity is at about 0.7 THz, (inset of Fig. 1c) . GaP pumped at 1.7 μm. (c) THz energy and efficiency vs. pump energy and intensity for ZnTe, pumped at 1.7 μm using a different pulse duration. The inset shows the THz spectrum obtained from field autocorrelation. The measurements were done at 1 kHz (a,b) and 50 Hz (c).
Conclusion
The measurements presented here indicate that TPFP of semiconductors above the 3PA edge opens up new perspectives in efficient generation of high energy THz pulses in the low-frequency part of the THz spectrum. In particular, the THz generation efficiency in ZnTe was shown to increase 3.5×, as compared to pumping below the 3PA edge. As high as 0.7% efficiency was demonstrated, 14× higher than the highest previously reported value for any semiconductor [12] , and 220× higher than that from a ZnTe source [11] . Up to 14 μJ THz energy was achieved, 9× higher than the highest previously reported value for any semiconductor [11] . Further increase of the THz energy to the mJ level can be expected from increasing the pump spot size and energy, from increasing the crystal length for higher efficiency, and by using compact, monolithic THz sources based on the novel contact grating technology [15] .
